Introduction
============

Liver transplantation has become the most effective treatment for end-stage liver diseases. However, a shortage of donor organs remains the major impediment to the further development of liver transplantation. Reduced-size liver transplantation (RSLT), either living-related liver transplantation or split-liver transplantation, can meet the shortage of livers to some extent ([@b1-ijmm-40-05-1537]) and has been applied widely in clinics. However, ischemia-reperfusion injury weakens the regeneration of the remnant liver after RSLT ([@b2-ijmm-40-05-1537],[@b3-ijmm-40-05-1537]). In addition, the risk of primary graft dysfunction caused by microvascular dysfunction and immune-mediated allograft rejection also increases following RSLT ([@b4-ijmm-40-05-1537]). Therefore, it is necessary to find treatments that inhibit the death and stimulate the regeneration of hepatocytes, alleviate the rejection of the transplanted liver and induce immune tolerance.

Bone marrow-derived mesenchymal stem cells (BM-MSCs) are pluripotent, can differentiate into endothelial cells for endothelial repair ([@b5-ijmm-40-05-1537],[@b6-ijmm-40-05-1537]), secrete a variety of cytokines, chemokines and growth factors promoting cell proliferation and differentiation and can migrate to the damaged tissue to repair it ([@b7-ijmm-40-05-1537]). In addition, because of their low cell surface expression of major histocompatibility complex molecules, BM-MSCs show immunomodulatory activity, which plays an important role in allograft rejection, and can induce immune tolerance and graft regeneration ([@b8-ijmm-40-05-1537],[@b9-ijmm-40-05-1537]). However, following transfusion, BM-MSCs present at a low concentration and short duration of activity in the target tissues, and thus, are not widely applied. Heme oxygenase-1 (HO-1) is the rate-limiting enzyme of heme catalyzation, whose activity can be induced by oxidative stress. HO-1 has antioxidant and homeostasis maintenance effects ([@b10-ijmm-40-05-1537]). HO-1 can increase the activity and prolong the duration of BM-MSCs ([@b11-ijmm-40-05-1537]). Previous studies of the authors have demonstrated that HO-1-transduced BM-MSCs (HO-1/BM-MSCs) may protect the transplanted liver by participating in the regulation of transplantation immunity and repair of the damaged liver tissue ([@b12-ijmm-40-05-1537],[@b13-ijmm-40-05-1537]). However, the mechanism of this protective effect remains unknown.

Autophagy is an important lysosomal pathway-dependent biological process in eukaryotes, which degrades cytoplasmic components to maintain cell homeostasis and provide substrates for energy metabolism ([@b14-ijmm-40-05-1537]). Autophagy plays an important role in a variety of liver functions. Firstly, as the liver has a unique regenerative ability, autophagy can clear the damaged cell organelles, and oxidized or accumulated proteins, during liver regeneration. Second, autophagy participates in and regulates metabolic pathways of proteins, carbohydrates and lipids in the liver. Furthermore, autophagy may have metabolic or proliferative effects during rapid regeneration of hepatocytes, although this requires further study ([@b14-ijmm-40-05-1537]). Studies have demonstrated that, as a cytoprotective mechanism, autophagy could inhibit oxidative stress, reduce the amount of reactive oxygen species (ROS) generated by Kupffer cells and inhibit the death of hepatocytes ([@b14-ijmm-40-05-1537]--[@b17-ijmm-40-05-1537]). Autophagy also participates in the positive and negative selection of CD4^+^ T cells, and plays an important role in the central and peripheral immune tolerance to self-antigens ([@b18-ijmm-40-05-1537]). Is autophagy involved in the protection of HO-1/BM-MSCs on RSLT? The aim of the present study was to determine the participation of autophagy in the protective effects of HO-1/BM-MSCs on RSLT and to explore its possible mechanism.

Materials and methods
=====================

Animals and ethics
------------------

Specific-pathogen-free healthy adult inbred male Brown-Norway (BN) rats (n=45) and male Lewis rats (n=35) were purchased from the Vital River Laboratories Animal Technology, Co., Ltd. (Beijing, China). The rats were housed individually in standard animal facilities at 18--26°C with a 12-h light/dark cycle and were provided with commercially available chow and tap water *ad libitum*. BM-MSCs were extracted from syngeneic inbred male BN rats (80--100 g; 4--5 weeks old). Inbred male Lewis rats (210--250 g; 8--10 weeks old) were the liver transplantation donors, and inbred male BN rats (210--250 g; 8--10 weeks old) were the recipients. The difference in body weight between the donor and the recipient of each pair did not exceed 10 g. Food was withheld from the recipient animals for 12 h before surgery, but was not withheld from the donor animals. The study protocol was approved by the Animal Care and Research Committee of Tianjin First Central Hospital (Tianjin, China). All surgeries and sacrifices were performed under 5% chloral hydrate anesthesia (0.5 ml/100 g). Every effort was made to minimize animal suffering.

Isolation, characterization and differentiation induction of BM-MSCs
--------------------------------------------------------------------

BM-MSCs were isolated aseptically from the femur and tibia of 10 syngeneic male BN rats following sacrifice by cervical dislocation. After cutting off both ends of the epiphyseal, the marrow cavity was rinsed by DMEM/F12 (Gibco, Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 10% fetal bovine serum (FBS). Red blood cells were lysed using 0.1 mol/l NH~4~Cl, and the remaining cells were washed, resuspended, and cultured 1×10^6^/T75 culture flask at 37°C with 5% CO~2~ in Dulbecco\'s modified Eagle\'s medium (DMEM)/F12 containing 100 U/ml penicillin, 100 mg/ml streptomycin and 15% FBS ([@b13-ijmm-40-05-1537]). The well-grown third-passage BM-MSCs were resuspended at 1×10^6^/ml and then labeled with antibodies against CD29 (1:80, PE, 102207), CD90 (1:200, FITC, 202503), CD45 (1:80, PE, 202207), RT1A (1:80, PE, 205208), RT1B (1:200, FITC, 205305) (both from BioLegend, Inc., San Diego, CA, USA) and CD34 (1:5, FITC, sc-7324; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) for 30 min for flow cytometric analysis (BD FACSAria III; BD Biosciences, Franklin Lakes, NJ, USA) of the expression of cell surface markers.

Adipogenic differentiation medium was prepared as DMEM/F12 containing 10% FBS, 200 mM indomethacin (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany), 0.5 mM 1-methyl-3-isobutylxanthine (Sigma-Aldrich, Merck KGaA), 40 U/ml insulin (Sigma-Aldrich, Merck KGaA) and 1 mM dexa-methasone (Sigma-Aldrich, Merck KGaA). Following staining with Oil Red O (Beijing Dingguo Changsheng Biotechnology Co., Ltd., Beijing, China), BM-MSCs were observed under a light microscope to identify red lipid droplets in the cytoplasm. Osteogenic differentiation medium was prepared as DMEM/F12 containing 10% FBS, 1 mM dexamethasone, 1 M sodium glycerophosphate (Sigma-Aldrich, Merck KGaA) and 100 ng/ml vitamin C (Sigma-Aldrich, Merck KGaA), with a pH value adjusted to 7.3--7.4. The medium was changed every 72 h. Following staining with the von Kossa cell staining kit (Shanghai Genmed Gene Pharmaceutical Technology Co., Ltd., Shanghai, China), BM-MSCs were observed under a light microscope to identify black calcium salt in the cytoplasm.

Transduction of BM-MSCs with HO-1-bearing recombinant adenovirus
----------------------------------------------------------------

When BM-MSCs were completely adherent, HO-1-bearing recombinant adenovirus (Shanghai GeneChem Co., Ltd., Shanghai, China) at a multiplicity of infection of 10 were added into the flask to transduce Adv/HO-1/BM-MSCs; the reaction was carried out in the dark. Adenoviruses expressing the green fluorescence protein (GFP) were also added into the flask to transduce Adv/GFP/BM-MSCs to verify the expression of the target gene. After culturing for 6--8 h, the supernatant was discarded and replaced with complete culture medium DMEM/F12 containing 10% FBS for continued cultivation. The cells were observed under a fluorescence microscope (Olympus IX71; Olympus Corp., Tokyo, Japan) to evaluate the expression of GFP fluorescence and the morphology of nucleus at room temperature, and then were photographed using Image-Pro Plus 6.0 (Media Cybernetics, Inc., Rockville, MD, USA).

Establishment of a rejection model in 50% RSLT of rats and the experimental protocol
------------------------------------------------------------------------------------

A 50% RSLT rejection model was established with Lewis donor rats and BN recipient rats, as described by Zhao *et al* ([@b19-ijmm-40-05-1537]). The donor livers were perfused via the portal vein (PV) with 4°C lactated Ringer\'s solution containing heparin sodium (50 U/ml). The harvested graft was preserved in a bath of lactated Ringer\'s solution at 4°C. The cuff was slipped over the PV using microforceps, and the distal end of the vein was everted over the cuff and secured with a circumferential 5--0 silk ligature. The same procedure was performed for the infrahepatic vena cava (IHVC) cuff preparation. After the recipient liver was removed, the donor liver was placed orthotopically in the abdominal cavity of the recipient. The suprahepatic vena cava (SHVC) was anastomosed end-to-end using a continuous 7--0 nylon suture. A cuff anastomosis of the PV and IHVC was then performed. The graft was reperfused by opening the PV, IHVC and SHVC in turn. The bile duct was connected by telescoping a tube in the bile duct of the donor into that of the recipient. Experimental animals were divided into three groups, which received normal saline (NS) (group 1), BM-MSCs (group 2) or HO-1/BM-MSCs (group 3). HO-1/BM-MSCs or BM-MSCs were injected through the superficial dorsal veins immediately following the surgery. Rats of the cell-treated group received 5×10^6^/ml (1 ml), while the control groups were given the equivalent volume of NS. Five animals per time-point were euthanized on post-operative day (POD) 0, 1, 3, 5, 7, 10 or 14 for further analysis of the transplanted liver.

Histopathological analysis
--------------------------

After fixation in 10% formalin at 37°C for at least 48 h, recipients\' hepatic tissues were embedded in paraffin, cut into 5 µm thick sections, and stained with hematoxylin and eosin (H&E). Pathological changes and the extent of rejection were evaluated under a light microscope. Acute cellular rejection was classified according to the Banff criteria ([@b20-ijmm-40-05-1537]).

Apoptosis detection
-------------------

Paraffin sections of liver tissue were routinely dewaxed, dehydrated and digested by proteinase K (Promega Corp., Madison, WI, USA). Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) reaction mixture (Promega) was added dropwise and incubated at 37°C for 1 h. The average number of apoptotic cells was analyzed in 10 randomly selected visual fields using fluorescence microscopy (magnification, ×200; Nikon Ni-U; Nikon Corp., Tokyo, Japan), and the mean number of apoptotic cells was measured by staining cell nuclei wih DAPI (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) to determine the total number of cells.

Electron microscope analysis
----------------------------

Transplanted liver tissues were obtained from the recipient freshly, cut into 2 × 3 mm samples, and fixed in 2.5% glutaraldehyde solution. Embedded sections were observed under a transmission electron microscopy (Hitachi H-600; Hitachi, Ltd., Tokyo, Japan) for the ultrastructures of the transplanted liver tissue.

Immunohistochemical analysis
----------------------------

Transplanted liver tissues were fixed on glass slides, heated at 70°C for 1 h, deparaffinized by dimethylbenzene, hydrated by gradient ethanol, subjected to antigen retrieval, and blocked with 10% goat serum (Shanghai GeneChem; [www.genechem.com.cn.html](http://www.genechem.com.cn.html)). Following incubation with primary antibodies Beclin-1 (1:500, ab55878) and LC3 A/B (1:500, \#12741), staining by diaminobenzidine and hematoxylin, and dehydration by gradient ethanol, the sections were covered with neutral balsam (Shanghai Yiyang Instrument Co., Ltd., Shanghai, China; <http://yiyang17.com/index.php>) according to the manufacturer\'s instructions, and then observed under a light microscope.

Detection of protein levels by western blotting
-----------------------------------------------

Radioimmu-noprecipitation assay lysis buffer (Beijing Solarbio Science & Technology) was added to frozen liver tissues, which were then homogenized, and centrifuged at 12,000 × g for 4 min at 4°C to extract the proteins. A bicinchoninic acid assay (Wuhan Boster Biological Technology, Ltd., Wuhan, China; <http://www.boster.com.cn/>) was used to determine the protein content. SDS-PAGE (10%) was used for Beclin-1, ERK and p-ERK; 8% SDS-PAGE was used for mammalian target of rapamycin (mTOR) and p-mTOR; and 15% SDS-PAGE was used for LC3 A/B. A total of 30 µg proteins each well in the gels were wet transferred to nitrocellulose membranes for 2 h, blocked by 5% skimmed milk for 2 h, and then incubated at 4°C overnight with antibodies recognizing Beclin-1 (ab55878) and GAPDH (ab8245) (both from Abcam, Cambridge, UK), ERK (\#4695) and LC3 A/B (\#12741) (both from Cell Signaling Technology, Inc., Danvers, MA, USA), p-ERK (RT1206; Hangzhou HuaAn Biotechnology Co., Ltd., Hangzhou, China), mTOR (ab32028; Abcam) and p-mTOR (sc-293132; Santa Cruz Biotechnology, Inc., Dallas, TX, USA). The antibodies were used at the following dilutions: Beclin-1 (1:500), GAPDH (1:5,000), ERK (1:1,000), p-ERK (1:250), mTOR (1:1,000), p-mTOR (1:100) and LC3 A/B (1:1,000). The membranes were then rinsed, incubated with secondary antibodies HRP-conjugated anti-rabbit IgG (1:5,000, ab191866) and HRP-conjugated anti-rat (1:2,000, ab131368) (both from Abcam) for 2 h, rinsed again, and then visualized using the enhanced chemiluminescence system (Wuhan Boster Biological Technology). The abundance of the target protein was calculated relative to the abundance of the internal control protein, GAPDH, using a gel imaging analysis system (Alpha Innotech FluorChem FC2; Alpha Innotech Corp., San Leandro, CA, USA).

Detection of gene levels by reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
--------------------------------------------------------------------------------------------------

Total RNA was extracted from the liver tissue using RNAiso Plus reagents (Takara Bio, Inc., Shiga, Japan). cDNA was reverse transcribed using reverse transcription kits (Tiangen Biotech Co., Ltd., Beijing, China) and 2 µl cDNA was added to 20 *μ*l of a PCR reaction system using a fluorescence quantitative PCR kit (Sangon Biotech Co., Ltd., Shanghai, China; <http://www.sangon.com/>) for amplification. Primers were synthesized by Sangon Biotech. The primer sequences were as follows: ERK sense, 5′-GGCAACCGCCATTTCTCG-3′ and antisense, 5′-GCTTCGCTTCTGTTTAGCATCAC-3′; mTOR sense, 5′-TTTGGACGGTGTAGAACTTGGAG-3′ and antisense, 5′-CGAACCCTGTTAATAATCTGAATAGC-3′; and GAPDH sense, 5′-CGTATCGGACGCCTGGTTAC-3′ and antisense, 5′-GGATCTCGCTCCTGGAAGATG-3′. The reaction conditions were 95°C pre-denaturation for 30 sec, and 40 cycles of PCR amplification comprising 95°C for 10 sec, 58°C for 30 sec and 72°C for 30 sec. The results were analyzed by a LightCycler^®^ 96 real-time fluorescence quantitative PCR detection system (Roche Diagnostics GmbH, Basel, Switzerland) ([@b21-ijmm-40-05-1537]).

Statistical analysis
--------------------

The SPSS software (version, 17.0; SPSS, Inc., Chicago, IL, USA) was used for statistical analysis. The GraphPad Prism 5.0 software (GraphPad Software, Inc., La Jolla, CA, USA) was used to plot data for presentation. Normally distributed data were presented as means ± standard deviation. Different groups of data were compared by the t-test or analysis of variance (ANOVA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Morphology, differentiation induction and phenotypic analysis of BM-MSCs
------------------------------------------------------------------------

Isolated primary BM-MSCs gradually became adherent after 12 h, and impurities such as hematopoietic cells became fewer and fewer with each medium exchange and passage. The third-passage cells were obtained after \~15 days, and grew as long spindle-shaped whirlpool or paralleled pattern cells, which are the typical morphological characteristics of BM-MSCs ([Fig. 1A](#f1-ijmm-40-05-1537){ref-type="fig"}). Meanwhile, isolated BM-MSCs could be induced to differentiate into adipocytes and osteoblasts in adipogenic and osteogenic differentiation medium, respectively ([Fig. 1B and C](#f1-ijmm-40-05-1537){ref-type="fig"}). Phenotypic examination of the third-passage BM-MSCs surface markers by flow cytometry demonstrated that \>92% of these cells were positive for CD29, CD90 and RT1A, and negative for CD34, CD45 and RT1B ([Fig. 1E--G](#f1-ijmm-40-05-1537){ref-type="fig"}). These results suggested that, following three passages of culture, the BM-MSCs were pure and had typical characteristics.

Transduction of BM-MSCs with HO-1-bearing recombinant adenovirus
----------------------------------------------------------------

BM-MSCs were transduced with HO-1-bearing recombinant adenoviruses carrying GFP, at a multiplicity of infection of 10. After 48 h, the GFP fluorescence emitted by Adv-BM-MSCs was observed under a fluorescence microscope, and the proportion of adenovirus-infected BM-MSCs emitting green fluorescent was \~85% ([Fig. 1D](#f1-ijmm-40-05-1537){ref-type="fig"}), which suggested that most BM-MSCs were successfully transduced with HO-1.

Histopathological characteristics and rejection activity index of transplanted liver after RSLT
-----------------------------------------------------------------------------------------------

The recipients treated with NS reported minor damage immediately after RSLT, which then progressed with little inflammation periportally (mainly lymphocyte infiltration) without significant expansion of the portal tracts, and lymphocyte infiltration beneath venous endothelium was not obvious on POD 1. Periportal inflammation was obvious on POD 3, primarily because of lymphocyte infiltration, and lymphocyte infiltration beneath the venous endothelium was still not evident. The acute rejection increased on POD 5, with mixed inflammatory infiltration (including lymphoblasts and eosinophils) of the portal tracts spreading to the surrounding parenchyma; most interlobular bile ducts were infiltrated by inflammatory cells, and subendothelial lymphocytic infiltration involved the interlobular vein. Acute rejection increased sharply on POD 7, with moderate to severe acute rejection being observed on POD 7, POD 10 and POD 14. Most of the portal areas were infiltrated with a large number of mixed lymphocytes, which extended to the surrounding parenchyma significantly. Interlobular bile ducts presented inflammation and luminal disruption; subendothelial lymphocytic infiltration involving the interlobular vein and central vein was significant and perivenular hepatocyte necrosis was observed. The rejection was mild in BM-MSCs-treated group on POD 0, POD 1, POD 3 and POD 5 compared with that of the NS-treated group, with little visible lymphocyte infiltration periportally, and cholangitis and degeneration of the biliary epithelium was scarcely seen; interlobular and central vein phlebitis was uncommon. However, acute rejection in the BM-MSCs-treated group increased sharply on POD 7, but was less severe than that of the NS-treated group. The liver deteriorated to serious injury on POD 14, with no significant difference compared with the NS-treated group. The rejection was mild in HO-1/BM-MSCs-treated group on POD 0, POD 1, POD 3 and POD 5 compared with that of the NS-treated group and the BM-MSCs-treated group. The condition of the livers deteriorated gradually after POD 7, but was less severe than that of the NS-treated group and the BM-MSCs-treated group on POD 7, POD 10 and POD 14. These results suggested that the rejection model after RSLT was constructed successfully, and that the acute rejection in the HO-1/BM-MSCs-treated group was less severe compared with that of the BM-MSCs-treated group and the NS-treated group at different time-points after RSLT and the duration of action was long-lasting ([Fig. 2A](#f2-ijmm-40-05-1537){ref-type="fig"}).

When the degree of rejection was classified by the rejection activity index (RAI) using the Banff scheme, the RAIs of the HO-1/BM-MSCs-treated group were significantly lower than those of the NS and BM-MSCs-treated groups at each time-point (P\<0.05). The RAIs of the BM-MSCs-treated group were significantly lower than those of the NS-treated group at each time-point, except on POD 14 (P\<0.05). These results suggested that HO-1/BM-MSCs treatment could reduce acute rejection injury after RSLT, and the duration of action could extend to POD 14, which was longer than that achieved by simple BM-MSCs treatment ([Fig. 2B](#f2-ijmm-40-05-1537){ref-type="fig"}).

Apoptosis in transplanted liver tissue
--------------------------------------

Apoptotic cells were scattered in all of the three groups of transplanted livers on POD 0 and 1. The numbers of apoptotic cells increased progressively on POD 5, POD 7, POD 10 and POD 14, but were significantly lower in the HO-1/BM-MSCs-treated group than in the NS and BM-MSCs-treated groups. These results indicated that HO-1/BM-MSCs could reduce the apoptosis of transplanted liver tissue ([Fig. 3](#f3-ijmm-40-05-1537){ref-type="fig"}).

Ultrastructure and autophagic vacuoles of the transplanted liver on POD 7
-------------------------------------------------------------------------

The autophagic vacuoles were surrounded by a bilayer membrane, and the bilayer was parallel, with a narrow gap. The initial autophagic vacuoles contained complete mitochondria or endoplasmic reticulum, and the degraded autophagic vacuoles contained degraded rough endoplasmic reticulum or mitochondria, which could be recognized by the different inclusions. In the NS-treated group on POD 7, the nucleus was condensed significantly, and the endoplasmic reticulum and mitochondria showed obvious edema, without significant autophagic vacuoles. In the BM-MSCs-treated group, the nucleus was condensed slightly, with visible autophagic vacuoles. By contrast, in the HO-1/BM-MSCs-treated group, there was no nuclear condensation or distortion, and a large number of autophagic vacuoles were observed. These results suggested that the ultrastructural damage of HO-1/BM-MSCs-treated livers on POD 7 was milder than that of the NS and BM-MSCs-treated groups, and the number of initial and degraded autophagic vacuoles in the HO-1/BM-MSCs-treated group was higher than that in the NS and BM-MSCs-treated groups ([Fig. 4](#f4-ijmm-40-05-1537){ref-type="fig"}).

Levels of autophagy-related proteins LC3 I/II and Beclin-1 after RSLT
---------------------------------------------------------------------

### Levels of the LC3 I/II protein

Immunohistochemical tests presented only a small amount of LC3 I/II protein in the endothelia of the central vein in all three groups on POD 0, with no significant difference between the three groups. The LC3 I/II protein was visible in the cytoplasm of both the central venous endothelia and hepatocytes on POD 1, with the highest level of the protein in the HO-1/BM-MSCs-treated group. The amount of LC3 I/II protein increased after POD 5 as the time after RSLT was prolonged, and the overall level in the HO-1/BM-MSCs-treated group was much higher than that in the NS and the BM-MSCs-treated groups ([Fig. 5A](#f5-ijmm-40-05-1537){ref-type="fig"}).

Western blotting indicated that the LC3 II protein level was relative low in all three groups on POD 0, with no significant difference between them. The protein level in the HO-1/BM-MSCs-treated group on POD 1 was significantly higher than that in the NS and the BM-MSCs-treated groups (P\<0.05). The protein level in the HO-1/BM-MSCs-treated group on POD 3 was significantly higher than that of the NS-treated group (P\<0.05), but reported no statistically significant difference with that of the BM-MSCs-treated group. The protein level increased significantly on POD 5, POD 7, POD 10 and POD 14, especially in the HO-1/BM-MSCs-treated group. The protein level in the BM-MSCs-treated group on POD 5, POD 7 and POD 10 was significantly higher than that of the NS-treated group (P\<0.05), and the protein level in the HO-1/BM-MSCs-treated group was significantly higher than that of the BM-MSCs-treated group (P\<0.05) except on POD 0 and POD 3. These results demonstrated that the level of autophagy-related protein LC3 I/II in the HO-1/BM-MSCs-treated group was the highest ([Fig. 5B and C](#f5-ijmm-40-05-1537){ref-type="fig"}).

### Levels of the Beclin-1 protein

Immunohistochemical tests presented only a small amount of Beclin-1 protein in the cytoplasm of hepatocytes around the central vein in all three groups on POD 0, with no significant difference between the three groups. Beclin-1 could also be observed in the biliary epithelia on POD 1. The Beclin-1 level increased after POD 5 as the time after RSLT prolonged, and the overall Beclin-1 level in the HO-1/BM-MSCs-treated group was much higher than that in the NS and the BM-MSCs-treated groups ([Fig. 6A](#f6-ijmm-40-05-1537){ref-type="fig"}).

Western blotting demonstrated that the amount of Beclin-1 protein was relatively low in all three groups on POD 0, with no significant difference between them. The Beclin-1 level in the HO-1/BM-MSCs-treated group on POD 1 was significantly higher than that in the NS and the BM-MSCs-treated groups (P\<0.05). The Beclin-1 level in the HO-1/BM-MSCs-treated group on POD 3 was significantly higher than that in the NS-treated group (P\<0.05), but reported no statistically significant difference with that of the BM-MSCs-treated group. The Beclin-1 level increased significantly on POD 5, POD 7, POD 10 and POD 14, especially in the HO-1/BM-MSCs-treated group. The Beclin-1 level in the HO-1/BM-MSCs-treated group was significantly higher than that of the NS and BM-MSCs-treated group (P\<0.05). These results indicated that the HO-1/BM-MSCs-treated group produced the highest amount of the autophagy-related protein Beclin-1 ([Fig. 6B and C](#f6-ijmm-40-05-1537){ref-type="fig"}).

### Autophagy regulated by the ERK/mTOR signaling pathway is involved in the regulation of the protective effects of HO-1/BM-MSCs on RSLT

The amount of ERK mRNA in the HO-1/BM-MSCs-treated group was significantly higher than that of the NS-treated group at each time-point, and was significantly higher than that in the BM-MSCs-treated group, except on POD 0 and POD 10 (P\<0.05). The amount of p-ERK protein in the HO-1/BM-MSCs-treated group on POD 0 was significantly higher than that in the NS-treated group (P\<0.05), but demonstrated no significant difference with the BM-MSCs-treated group. The amount of p-ERK protein in the HO-1/BM-MSCs-treated group was significantly higher than that in the NS and BM-MSCs-treated groups on POD 1 and POD 3 (P\<0.05). The overall amount of p-ERK protein increased significantly on POD 5, POD 7, POD 10 and POD 14, especially in the HO-1/BM-MSCs-treated group. The amount of p-ERK in the HO-1/BM-MSCs-treated group was significantly higher than that of the NS-treated group at each time-point (P\<0.05). The amount of p-ERK in the HO-1/BM-MSCs-treated group was significantly higher than that of the BM-MSCs-treated group at each time-point, except on POD 7 (P\<0.05; [Fig. 7A](#f7-ijmm-40-05-1537){ref-type="fig"}).

The amount of *mTOR* mRNA in the HO-1/BM-MSCs-treated group was lower than that of the NS-treated group at each time-point, and that in the HO-1/BM-MSCs-treated group was lower than the BM-MSCs-treated group on POD 7 and POD 10. The amount of p-mTOR protein in the HO-1/BM-MSCs-treated group on POD 0 was significantly lower than that of the NS and BM-MSCs-treated groups (P\<0.05). The amount of p-mTOR protein in the HO-1/BM-MSCs-treated group was also significantly lower than that in the NS and BM-MSCs-treated groups on POD 1 and POD 3 (P\<0.05). The overall amount of p-mTOR protein decreased significantly on POD 5, POD 7, POD 10 and POD 14, especially in the HO-1/BM-MSCs-treated group. The amount of p-mTOR in the HO-1/BM-MSCs-treated group was significantly lower than that of the NS and BM-MSCs-treated groups (P\<0.05). These results suggested that the amount of p-ERK protein increased, while the amount of p-mTOR protein decreased in the HO-1/BM-MSCs-treated group, which suggested that the protective effects of HO-1/BM-MSCs on RSLT may involve autophagy regulated by the ERK/mTOR signaling pathway ([Fig. 7B](#f7-ijmm-40-05-1537){ref-type="fig"}).

Discussion
==========

Although RSLT could alleviate the problem of organ shortage for liver transplantation to some extent ([@b1-ijmm-40-05-1537]), it also weakens the regenerative ability of the transplanted liver ([@b2-ijmm-40-05-1537],[@b3-ijmm-40-05-1537]). Previous studies have indicated that BM-MSCs could inhibit the death of hepatocytes via paracrine or direct differentiation into hepatocytes, which promotes the regeneration of the liver after injury ([@b22-ijmm-40-05-1537]--[@b24-ijmm-40-05-1537]). HO-1, also known as a \'stop signal\' of inflammation, has anti-inflammatory and anti-apoptotic effects ([@b25-ijmm-40-05-1537]). HO-1 is the inducible form of the HO family, and is the rate-limiting enzyme that catalyzes heme degradation to CO, iron and biliverdin. The main function of HO-1 is to protect cells under oxidative stress and other stimuli. Many factors, such as infection, inflammation and hypoxia induce HO-1 ([@b26-ijmm-40-05-1537]). The pathological and TUNEL analysis of transplanted livers in the current study indicated that HO-1/BM-MSCs could promote liver regeneration and suppress rejection of the transplanted liver significantly, with better protective effects, which was consistent with our previous studies ([@b12-ijmm-40-05-1537],[@b13-ijmm-40-05-1537]); however, the exact mechanism remained unclear. The authors observed autophagic vesicles in the ultrastructure of transplanted livers after RSLT, which were more obvious in the HO-1/BM-MSCs-treated group than in the BM-MSCs-treated group and NS-treated group. Therefore, to expand on the previous studies, the authors investigated whether autophagy is involved in the protective effects of HO-1/BM-MSCs on the transplanted liver following RSLT.

Soluble autophagy microtubule-associated protein 1 light chain 3 (LC3 I) is converted to LC3 II during the induction of the autophagosome, and LC3 II is involved in the formation of the autophagosome membrane. Thus, LC3 II may represent the number of autophagosomes and is a good marker for their formation ([@b27-ijmm-40-05-1537]). The process of autophagy includes induction, nucleation, extension and formation of the membrane, formation of autophagosomes and fusion with lysosomes ([@b28-ijmm-40-05-1537],[@b29-ijmm-40-05-1537]). Autophagy-related protein Beclin-1, encoded by the BECN1 gene, is a major protein involved in the nucleation of autophagosomes, and is the key target for regulation of autophagy ([@b30-ijmm-40-05-1537]). Therefore, the authors investigated the levels of these two proteins in the model of RSLT. HO-1/BM-MSCs-treated group had the highest level of autophagy-related proteins LC3 II and Beclin-1, which suggested that significant amounts of autophagy occurred in the HO-1/BM-MSCs-treated group, and was consistent with ultrastructure results of the transplanted livers. Previous studies indicated that autophagy, as a cytoprotective mechanism, is involved in biological process such as growth, development and immune regulation ([@b14-ijmm-40-05-1537],[@b31-ijmm-40-05-1537]). In addition, autophagy could relieve ischemia-reperfusion injury and induce immune tolerance in the organ transplantation ([@b16-ijmm-40-05-1537],[@b17-ijmm-40-05-1537],[@b32-ijmm-40-05-1537]--[@b37-ijmm-40-05-1537]). On the one hand, ischemia-reperfusion injury involves many mechanisms, among which autophagy can remove damaged mitochondria to prevent the accumulation of abnormal mitochondria and toxic products in the cytoplasm (mitochondrial autophagy) ([@b32-ijmm-40-05-1537]). Swelling and structural damage of mitochondria in the liver of transgenic mice with autophagic defects have been reported ([@b33-ijmm-40-05-1537]).

Autophagy could also inhibit the release of proinflammatory cytokines, such as tumor necrosis factor (TNF)-α, interleukin (IL)-2, IL-6 and IL-1, and the high mobility group proteins produced by activated Kupffer cells, neutrophils and platelets, to prevent the death of hepatocytes ([@b15-ijmm-40-05-1537]--[@b17-ijmm-40-05-1537]). TNF-α could lead to swelling of the endothelia and activation of ROS; IL-6 could damage hepatocytes, and induce them to produce C-reactive protein, α-trypsin and fibrinogen ([@b34-ijmm-40-05-1537]). These observations were consistent with the authors\' preliminary experimental results that HO-1/BM-MSCs could reduce the levels of IL-2 and TNF-α in the transplanted liver ([@b12-ijmm-40-05-1537],[@b13-ijmm-40-05-1537]).

On the other hand, autophagy may be involved in the induction of immune tolerance, among which thymic epithelial cells, professional and non-professional antigen presenting cells from the thymus and its periphery, could present autologous antigens to MHC II molecules directly via autophagy, subsequently promoting the central tolerance and peripheral immune tolerance of CD4^+^ T cells ([@b35-ijmm-40-05-1537]). Autophagy also inhibits the maturation of DCs, induces the expression of CD4^+^CD25^+^Foxp3^+^ T cells and CD8^+^CD25^+^Foxp3^+^ T cells, and increases the secretion of IL-10 to induce allogeneic T cell anergy ([@b36-ijmm-40-05-1537],[@b37-ijmm-40-05-1537]), which were consistent with the preliminary results suggesting that HO-1/BM-MSCs could increase IL-10 and regulatory T cells in the transplanted liver ([@b12-ijmm-40-05-1537],[@b13-ijmm-40-05-1537]). All of these effects of autophagy in the field of organ transplantation were similar to those induced by BM-MSCs.

BM-MSCs could also reduce ischemia-reperfusion injury by secretion of cytokines and showed immunomodulatory effects ([@b8-ijmm-40-05-1537],[@b9-ijmm-40-05-1537],[@b38-ijmm-40-05-1537],[@b39-ijmm-40-05-1537]). A previous study demonstrated a link between the effects of BM-MSCs and autophagy ([@b40-ijmm-40-05-1537]). In addition, induction of HO-1 is an adaptive response to recover cell homeostasis (such as autophagy) ([@b26-ijmm-40-05-1537]). HO-1 increases the signals of autophagy, and inhibition of HO-1 activity or HO-1 knockout led to reduced autophagy in hepatocytes, with increased cell death; inhibition of autophagy also weakened the anti-inflammatory effects of HO-1 ([@b41-ijmm-40-05-1537]--[@b43-ijmm-40-05-1537]). Therefore, autophagy and expression of autophagy-related proteins are associated closely with BM-MSCs and HO-1.

In the present study, the authors further found that autophagy was enhanced and apoptosis was weakened in the HO-1/BM-MSCs-treated group, which suggested that autophagy is involved in the protective effects of HO-1/BM-MSCs on transplanted livers following RSLT. In addition, the amount of LC3 II protein was higher on POD 1 than on POD 3, while it was lower on POD 14 than POD 10. The authors further analyzed the mechansim. Previous studies have found that starvation is a potent inducer of antophagy ([@b44-ijmm-40-05-1537]). In response to starvation, autophagy in the liver of rodents increased, and the rate of protein degradation was also increased to maintain cell function ([@b14-ijmm-40-05-1537]). As a result, the authors believe that this phenomenon probably correlates with starvation of the transplanted liver, since the recipient eats less food on POD 1. As the degree of rejection increased over time, the autophagy of remnant hepatocytes was not sufficient to counter the severe rejection on POD 14, so the amount of LC3 II protein was lower on POD 14 than POD 10.

Autophagy is a complex process that is tightly regulated by \>30 autophagy-related proteins, and by signaling pathways such as the mammalian target of rapamycin (mTOR), adenosine monophosphate-activated protein kinase and hypoxia-inducible factor pathways ([@b45-ijmm-40-05-1537]). Among them, mTOR is an important receptor of intracellular energy and nutritional status. mTOR is an evolutionarily conserved serine/threonine protein kinase, and is a negative regulator of autophagy proteins. It comprises two different complexes: mTORC1 and mTORC2 ([@b46-ijmm-40-05-1537]). mTORC1 is the focus of many upstream stimuli and signals, including MEK/ERK and PI3K/AKT, which regulate autophagy and other cellular activities ([@b46-ijmm-40-05-1537]). Among them, ERK is a member of the mitogen-activated protein kinase family and responds to both intracellular and extracellular stimuli. p-ERK regulates cytoskeletal proteins, kinases and transcription factors, leading to altered gene expression, cell proliferation and differentiation ([@b47-ijmm-40-05-1537]--[@b49-ijmm-40-05-1537]). Therefore, the ERK/mTOR signaling pathway was chosen to explore its possible involvement in the mechanism of autophagy associated with the protective effects of HO-1/BM-MSCs on transplanted livers after RSLT. The present study demonstrated increased p-ERK and decreased p-mTOR in the BM-MSCs-treated and HO-1/BM-MSCs-treated groups. The results in the HO-1/BM-MSCs-treated group were more dramatic. Activation of MEK/ERK and inhibition of mTORC1 could enhance the expression of autophagy-related proteins, leading to increased autophagic activity, which could protect cells ([@b50-ijmm-40-05-1537],[@b51-ijmm-40-05-1537]). The results of the present study demonstrated that ERK is a negative regulator of the upstream mTORC1, and autophagy may have protective effects on cells via this signaling pathway. Therefore, it is hypothesized that autophagy is involved in the protective effects of HO-1/BM-MSCs on the transplanted liver after RSLT through the ERK/mTOR signaling pathway.

To the best of the authors\' knowledge, the present study is the first to demonstrate that autophagy is involved in the protective effects of HO-1/BM-MSCs on the transplanted liver after RSLT. Regulation of autophagy is primarily mediated through the ERK/mTOR signaling pathway. In a future study, the authors intend to carry out related experiments (such as the use of inhibitors, inducers and pathway blockers of autophagy, autophagy-related gene knockout animal models). Future studies will also focus on additional *in vitro* experiments to provide a theoretical basis for the reduction of transplanted liver damage after RSLT and its wider clinical application.
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![Morphological characteristics, differentiation induction and phenotypic identification of BM-MSCs. (A) Bright field image of third-passage BM-MSCs following transduction with HO-1, growing as long spindle-shapes with a whirlpool or paralleled pattern (magnification, ×100). (B) Adipogenic induction (magnification, ×200), the arrow presents the orange lipid droplets in the cytoplasm after staining with Oil Red O. (C) Osteogenic induction (magnification, ×200), the arrow indicates the black calcium salt deposit after von Kossa staining. (D) Fluorescent image of third-passage BM-MSCs following transduction with HO-1, showing that \~85% of the cells are transduced with HO-1 (emitting green fluorescence; magnification, ×100). (E) 98.3% of the cells CD29^+^CD34^−^ cells. (F) 97.6% of the cells are CD90^+^CD45^−^ cells. (G) 92.3% of the cells are RT1A^+^RT1B^−^ cells. BM-MSCs, bone marrow mesenchymal stem cells; HO-1; heme oxygenase-1.](IJMM-40-05-1537-g00){#f1-ijmm-40-05-1537}

![Histopathological characteristics and rejection activity index of transplanted livers after RSLT (magnification, ×100). (A) The acute rejection in the normal saline (NS)-treated group became progressively aggravated post transplantation. Periportal lymphocytes infiltration increased gradually to significant levels, interlobular bile ducts showed inflammation and subendothelial lymphocytic infiltration involving the interlobular vein and central vein progressed significantly. The acute rejection was moderate to severe on POD 7, POD 10 and POD 14. Portal areas were infiltrated with a large number of mixed lymphocytes, which extended significantly to the surrounding parenchyma, interlobular bile ducts were infiltrated with inflammatory cells with severe biliary epithelial injury and subendothelial lymphocytic infiltration involving the interlobular vein and central vein was significant. The acute rejection in the BM-MSCs-treated group also became progressively aggravated post transplantation, however, it was less severe than that of the NS-treated group at each time-point, except on POD 14. Little lymphocyte infiltration was visible periportally on POD 7. The portal areas were infiltrated with a large number of lymphocytes, with aggravated biliary inflammation and periphlebitis on POD 14. The acute rejection in the HO-1/BM-MSCs-treated group also became increasingly aggravated post transplantation; however, it was less severe than that of the NS-treated group and the BM-MSCs-treated group. The rejection was mild at POD 7, with little lymphocyte infiltration periportally, scarcely any biliary epithelium degeneration and cholangitis. The acute rejection in the HO-1/BM-MSCs-treated group deteriorated after POD 7, but was still less severe than that of the NS-treated group and the BM-MSCs-treated group. (B) RAI in the different groups. The RAI of the BM-MSCs-treated group was significantly lower than that of the NS-treated group at each time-point except on POD 14 and the RAI of the HO-1/BM-MSCs-treated group was significantly lower than that of the NS-treated group and the BM-MSCs-treated group at each time-point. n=5 at each time-point for each group. ^\*^P\<0.05 as indicated. RSLT, reduced-size liver transplantation; POD, post-operative day; BM-MSCs, bone marrow mesenchymal stem cells; HO-1/BM-MSCs, HO-1 transduced BM-MSCs; RAI, rejection activity index.](IJMM-40-05-1537-g01){#f2-ijmm-40-05-1537}

![Apoptosis in the transplanted liver tissues (magnification, ×200). (A and B) Terminal deoxynucleotidyl transferase dUTP nick end labeling staining positive cells appear green and represent apoptotic cells, and DAPI-labeled nuclei appear blue. Apoptotic cells were scattered in the transplanted liver on POD 0 and POD 1, with no significant differences between the three groups. The numbers of apoptotic cells in the HO-1/BM-MSCs-treated group were significantly lower than those in the normal saline (NS)-treated group on POD 5, POD 7, POD 10 and POD 14. ^\*^P\<0.05 as indicated. POD, post-operative day; HO-1/BM-MSCs, HO-1 transduced BM-MSCs.](IJMM-40-05-1537-g02){#f3-ijmm-40-05-1537}

![Ultrastructure and autophagic vacuoles of the transplanted liver on POD 7 observed under a transmission electron microscope (magnification, ×25,000). The normal saline (NS)-treated group presented nuclear pycnosis, an irregular nuclear membrane with deformation, significantly swollen endoplasmic reticulum and mitochondria and no typical autophagic vacuoles. The BM-MSCs-treated group showed slight nuclear pycnosis and deformation, no obvious edema of the endoplasmic reticulum, slight edema of the mitochondria, and visible initial and degraded autophagic vacuoles. The HO-1/BM-MSCs-treated group reported slight nuclear pycnosis without deformation, no edema in endoplasmic reticulum or mitochondria, and a large number of initial autophagic vesicles and degraded autophagic vesicles. The black arrow shows initial autophagic vesicles, containing complete rough endoplasmic reticulum and mitochondria. The white arrow shows degraded autophagic vesicles, containing degraded rough endoplasmic reticulum and mitochondria. POD, postoperative day; BM-MSCs, bone marrow mesenchymal stem cells; HO-1/BM-MSCs, HO-1 transduced BM-MSCs.](IJMM-40-05-1537-g03){#f4-ijmm-40-05-1537}

![Expression of autophagy-related protein LC3 I/II following RSLT. (A) Expression of LC3 I/II protein immunohistochemically on POD 0, POD 1, POD 5, POD 7, POD 10 and POD 14. Only a small amount of LC3 I/II protein was present in endothelia of the central vein on POD 0, which was similar in all three groups. The LC3 I/II protein was also visible in cytoplasm of hepatocytes on POD 1. The protein abundance increased significantly after POD 5, appearing in the cytoplasm of most central venous endothelia and hepatocytes. The overall expression in the HO-1/BM-MSCs-treated group was the highest and was much higher than that in the normal saline (NS)-treated group and in the BM-MSCs-treated group. (B and C) Expression of the LC3 II protein as demonstrated by western blotting on POD 0, POD 1, POD 3, POD 5, POD 7, POD 10 and POD 14. The protein level in the HO-1/BM-MSCs-treated group was significantly higher than that of the NS-treated group and BM-MSCs-treated group at each time-point, except on POD 0 and POD 3. ^\*^P\<0.05 as indicated. RSLT, reduced-size liver transplantation; POD, post-operative day; HO-1/BM-MSCs, HO-1 transduced BM-MSCs; BM-MSCs, bone marrow mesenchymal stem cells.](IJMM-40-05-1537-g04){#f5-ijmm-40-05-1537}

![Levels of autophagy-related protein Beclin-1 after RSLT. (A) Levels of Beclin-1 protein as assessed immunohistochemically on POD 0, POD 1, POD 5, POD 7, POD 10 and POD 14. Only a small amount of Beclin-1 protein was present in the cytoplasm of hepatocytes around the central vein on POD 0, which was similar in all three groups. Beclin-1 could also be observed in the biliary epithelia on POD 1. The protein expression increased after POD 5, extending to the cytoplasm of most hepatocytes and biliary endothelia. The overall protein level in the HO-1/BM-MSCs-treated group was the highest and was much higher than that in the normal saline (NS)-treated group and the BM-MSCs-treated group. (B and C) Levels of the Beclin-1 protein as demonstrated by western blotting on POD 0, POD 1, POD 3, POD 5, POD 7, POD 10 and POD 14. The protein abundance in the BM-MSCs-treated group was significantly higher than that in the NS-treated group at each time-point, except on POD 5, POD 7 and POD 14. The protein abundance in the HO-1/BM-MSCs-treated group was significantly higher than that in the NS-treated group and BM-MSCs-treated group at each time-point, except on POD 0. ^\*^P\<0.05 as indicated. RSLT, reduced-size liver transplantation; POD, post-operative day; HO-1/BM-MSCs, HO-1 transduced BM-MSCs; BM-MSCs, bone marrow mesenchymal stem cells.](IJMM-40-05-1537-g05){#f6-ijmm-40-05-1537}

![Expression of ERK1/2, p-ERK1/2, mTOR and p-mTOR after reduced-size liver transplantation. (A) Relative content of ERK1/2 to p-ERK1/2, as measured by RT-qPCR and western blotting. The amount of *ERK* mRNA in the HO-1/BM-MSCs-treated group was significantly higher than that of the normal saline (NS)-treated group at each time-point, and that in the HO-1/BM-MSCs-treated group was significantly higher than that of the BM MS treated-group except on POD 0 and POD 10. The amount of p-ERK1/2 in the BM-MSCs-treated group was significantly higher than that in the NS-treated group on POD 0, POD 3, POD 7, POD 10 and POD 14. The amount of p-ERK1/2 in the HO-1/BM-MSCs-treated group was significantly higher than that of the BM-MSCs-treated group at each time-point, except on POD 0 and POD 7, and was significantly higher than that in the NS-treated group at each time-point. (B) Relative content of mTOR to p-mTOR, as measured by RT-qPCR and western blotting. The amount of *mTOR* mRNA in the HO-1/BM-MSCs-treated group was significantly lower than that of the NS-treated group at each time-point, and that in the HO-1/BM-MSCs-treated group was significantly lower than the BM-MSCs-treated group except on POD 7 and POD 10. The amount of p-mTOR in the BM-MSCs-treated group was significantly lower than that in the NS-treated group at each time-point. The level of p-mTOR in the HO-1/BM-MSCs-treated group was significantly lower than that in the BM-MSCs-treated group at each time-point, except on POD 0, and was significantly lower than that in the NS-treated group at each time-point. ^\*^P\<0.05 as indicated. ERK, extracellular signal-regulated kinase; mTOR, mammalian target of rapamycin; HO-1/BM-MSCs, HO-1 transduced BM-MSCs; POD, post-operative day; RT-qPCR, reverse transcription-quantitative polymerase chain reaction.](IJMM-40-05-1537-g06){#f7-ijmm-40-05-1537}
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